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I. INTRODUCTION
The iodine (Z = 53) nuclei lie between the spherical (Z = 50) and the well-deformed (Z = 58) region and are of considerable interest because of competing shape driving tendencies of the orbitals occupied by the neutrons and the protons. The orbitals available near the Fermi surface of these nuclei are h 11/2 , g 9/2 , g 7/2 , and d 5/2 for protons and h 11/2 , g 7/2 , d 5/2 , and d 3/2 for neutrons. Spectroscopic investigations carried out in the odd-A 113-125 I nuclei have revealed several bands based upon πg 7/2 (d 5/2 ) and πh 11/2 orbitals. These bands are associated with moderately deformed prolate and oblate shapes. In addition, bands based upon particle-hole excitations involving πg 9/2 extruder orbitals, which play a decisive role in the development of collective bands in Sn and Sb nuclei, also persist in the iodine nuclei. High-spin structures in these nuclei are described by abrupt appearance of energetically favored noncollective oblate states and coexistence of weakly collective and noncollective quasiparticle-aligned configurations [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] .
Recent spectroscopic studies of 123,125 I nuclei revealed maximally aligned states involving all the particles outside the 114 Sn core [5, 6] . In addition to these states, noncollective states with the angular momentum of one and two particles antialigned with respect to the rotation axis were also identified in these nuclei. Since a maximally aligned state is formed by exhausting all the spin available within the valence space, further angular momentum can only be generated by particle-hole excitations from the core. In 123 I, a large number of weak, high-energy transitions were observed feeding the maximally aligned states [5] . These transitions were proposed to originate from states based on configurations involving a core-breaking neutron particle-hole excitation from the g 7/2 (d 5/2 ) to the d 3/2 s 1/2 or h 11/2 orbitals across the semimagic N = 64 shell gap. Similar features were also reported in 121 I [10] . Therefore, in view of the wide variety of structural features observed in the odd-A iodine nuclei, it is of interest to probe analogous features in odd-odd I nuclei. However, information available about the high-spin structures in heavier (A > 120) odd-odd I nuclei are limited.
In the present work we document the results of an in-beam study of the high-spin states in 122 I obtained with the Indian National Gamma-ray Array (INGA) spectrometer. The previously known level scheme [11, 12] is extended considerably. Maximally aligned valence-space configurations and states with one particle antialigned have been observed. Weakly collective bands based on configurations involving particlehole excitations from the 114 Sn core have been observed to feed the maximally aligned noncollective levels.
In Sec. II the experimental setup and the off-line data analysis technique are briefly discussed. The experimental results and the 122 I level scheme are presented in Sec. III. The results are discussed within the framework of the cranked Nilsson-Strutinsky (CNS) model and cranked shell model (CSM) in Sec IV. Finally, a brief summary of the present work is given in Sec. V.
II. EXPERIMENTAL DETAILS AND DATA ANALYSIS
High spin states of 122 I were studied using heavy-ion fusion evaporation reaction 116 Cd( 11 B,5n) 122 I. The 11 B beam with an energy of 65 MeV and intensity 1.5 nA was provided by the 14 UD TIFR-BARC pelletron accelerator at TIFR, Mumbai. The target consisted of enriched 116 Cd of thickness 15 mg/cm 2 . The γ -ray coincidence events were measured with the INGA spectrometer consisting of 15 Compton-suppressed clover detectors arranged in six rings [13, 14] . In a beam time of 3 days, a total of 3.1×10 9 coincidence events with fold 2 were collected.
For the off-line analysis, the calibrated and gain-matched data were sorted into γ -γ matrices and γ -γ -γ cubes. The software package RADWARE [15] was used for the data analysis. To determine multipolarity of γ -ray transitions, the coincidence events were sorted into two angular distribution matrices. One matrix contained events detected at an angle of 23
• (23) on one axis and all events (all) on the other axis. The second matrix contained events detected at 90
• (90) on one axis and all events on the other axis. Gates were set in these matrices on the axis with events detected in all detectors. The angular distribution ratio
are 1.4 and 0.65 for stretched quadrupole and dipole transitions, respectively. The values were determined from transitions of known multipolarity in 123 I [16] , which was one of the dominant channels in the present experiment.
Multipolarity assignments were further corroborated by extracting γ -ray linear polarizations in order to distinguish between electric (EL) and magnetic (ML) character. This can be achieved by considering the four crystals within a single clover detector of the INGA spectrometer as Compton polarimeters, where individual crystals act as scatterer, and the two adjacent crystals as observer [17, 18] . For coincidence polarization measurements the integrated polarization-directional correlation from oriented nuclei (IPDCO) procedure was applied [17, 18] . Two asymmetric matrices were constructed from the coincidence data corresponding to single hits in any detector on one axis against clover double-hit scattering events of 90
• detector on the second axis. The scattering events are defined as either perpendicular to the reaction plane (first matrix) or parallel to the reaction plane (second matrix). The number of perpendicular N ⊥ and parallel N scatters for a given γ ray were obtained by projecting out spectra gated by specific 122 I transitions on the single-hit axis of the respective matrix. Assuming that all the clover crystals have equal efficiencies, the experimental polarization asymmetry parameter was calculated as
where a(E γ ) is a scaling factor which corresponds to the ratio of the horizontal versus vertical coincidence count rates measured without polarization. It is a function of γ -ray energy. A positive asymmetry value is expected for electric transitions, while a negative difference is expected Fig. 1 ).
III. RESULTS AND LEVEL SCHEME
The level scheme of 122 I is shown in Fig. 2 . Spins and parities of the levels have been assigned with the help of angular distribution ratios and IPDCO measurements. In some cases, the presence of crossover and interband transitions helped in assigning spins. The γ -ray energies, intensities, angular distribution ratios, adopted multipolarities, level energies, and spin assignment for all the observed transitions in 122 I are listed in Table I .
A. Low-spin results
Low-lying states in 122 I were studied from the radioactive decay of 122 Xe, and the spin and parity of the ground state had been assigned as I π = 1 + with a half-life of 3.63 m [19] . Later, several experiments were performed to study its high-spin states [12, 20, 21] , however, there were ambiguities in spin-parity assignments to the band structures. Recently, Moon et al. has reported several isomeric states with firm excitation energies in 122 I. In this work we have adopted the low-lying level structure up to I π = 8 − state from the previous work [22] .
Bands labeled 1-12 were reported by Moon et al. [11, 12, 19, 22] . In the present work we confirm most of the previous results and observe certain A γ -ray transition of 419.8 keV energy from the 10 + level of band 12 to the 9 − level of band 6 (see Fig. 2 ) was observed in the previous work [11] . In this work we could measure a positive asym value (see Fig. 1 ) and R θ = 0.67 for this transition which is consistent with its E1 character. With these results we could assign spins and parities to bands 11 and 12 unambiguously.
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B. Medium and high-spin results
Band 10 was reported in the earlier works by Moon et al. up to a tentative spin I π = (22 − ) [12, 22] , also see Ref. [19] . In this work we could extend this sequence up to a spin I π = 30 − and excitation energy 11 442 keV. In Fig. 3 a double-gated coincidence spectrum is displayed, where the newly observed transitions of band 10 can be seen. The γ rays of energies 1192.5, 1001.6, 388.7, and 529.9 keV have been observed in coincidence with the low-spin transitions of band 10. We have placed the cascade above the level at spin I π = 22 − of band 10. The observation of several crossover and decay out transitions from different levels further support their placement. The R θ ratios for the 1192.5-, 1001.6-, and 529.9-keV transitions indicate their E2 nature (see Table I ), while dipole nature could be revealed for the 388.7-keV γ ray. Hence, I π = 29 − has been assigned to the level at 9123 keV. Above I π = 29 − , the level scheme gets fragmented into two branches. One branch consists of two transitions of energy 1117.1 and 1201.7 keV and the other includes γ rays of energies 1231.7 and 753.6 keV. Figure 4 shows a double gated γ -ray coincidence spectrum, where the transitions feeding the state at I π = 29 − are visible. The angular distribution ratios for the 1117.1-and 1231.7-keV γ rays are compatible with I = 1 nature. The multipolarities of 1201.7 and 753.6 keV transitions could not be determined due to low statistics.
The positive parity states in band 12 were observed up to an excitation energy ∼8.3 MeV [11] . However, multipolarities of high-spin transitions were uncertain. Present experiment extends the band further up to spin I = 30, and excitation energy 10 834 keV. Typical coincidence spectra for the highspin regions are displayed in Figs. 5 and 6. The angular distribution ratios of the 805.9-and 1299.8-keV transitions are compatible with stretched E2 multipolarity, and thus, the level at 8325 keV is assigned a spin and parity of I π = 27 + . A 1099.9 keV γ ray of E2 character has been placed above the 27 + level. [24, 25] . The structure of high-spin states will be discussed within the framework of the CNS formalism.
A. Low-and medium-spin states
The B(M1)/B(E2) ratios are extremely sensitive to the configuration involved and are very useful in assigning band configurations. Such ratios have been extracted for the strongly 
(M1)/B(E2)
ratios using the geometrical model of Dönau and Frauendorf [24, 25] are also shown in Figs. 7 and 8. In these calculations, the E2/M1 mixing ratio for the dipole transitions is assumed to be small, and has been set to zero. The rotational gyromagnetic factor g R has been taken as Z/A, and the relevant empirical g k factors for the single particles have been adopted from [26] . The alignments i x and the values of the orbitals were estimated from their Nilsson quantum numbers as well as systematics of bands based on similar structures in neighboring nuclei [27, 28] . The value of quadrupole moment Q 0 = 3.1e b has been taken from [8] .
Strongly coupled bands built on = 9/2([404] lack of signature splitting, as shown in Fig. 9 , is consistent with the above assignment. In previous work [21] , bands 3 and 4 were assigned the πg 9/2 ⊗ νh 11/2 configuration. The experimental B(M1)/B(E2) ratios for these bands are shown in Fig 7. They are compared to the ratio calculated using geometrical model for the πg 9/2 ⊗ νh 11/2 configuration. The reasonable agreement between experiment and theory supports the configuration proposed for these bands.
Bands 1 and 2 were weakly populated in the present experiment and it was not possible to extract electromagnetic properties of any of its transitions. The energy difference between states with same spin of bands 1 and 2, and those of bands 3 and 4 lies between 200 and 300 keV. Similar bands with energy difference between 300 and 400 keV have also been observed in neighboring iodine nuclei and have been interpreted in terms of coupling of πg 9/2 configuration with the γ vibration [8, 29, 30] . Therefore, a possible interpretation of bands 1 and 2 in 122 I is πg 9/2 νh 11/2 configuration coupled to γ -phonon vibration.
Low-lying bands built on proton d 5/2 and g 7/2 orbitals have been established in all iodine nuclei. In the present work we have identified four I = 2 sequences, bands 5-8, which show characteristics similar to the πg 7/2 ⊗ νh 11/2 and πd 5/2 ⊗ νh 11/2 based bands in 126 Cs [31] . Presence of several I = 1 interlinking transitions observed between bands 5 and 6 and between bands 7 and 8 suggest that these bands are signature partners. The experimental aligned angular momenta i x for the bands are plotted in Fig. 10 . The Harris parameters J 0 = 13h 2 /MeV and J 1 = 35h 4 /MeV 3 have been used to describe the energy of the rotating core. As shown in Fig. 10 , bands 5-8 show up-bends athω ∼ 0.43 MeV with gain in alignment >4h. According to the cranked shell model calculations performed for nuclei in this mass region [21, 28, 32] , the first and second h 11/2 neutron alignments occur at rotational frequencieshω ≈ 0.35 andhω ≈ 0.45, respectively. The blocking of first neutron crossing in all the above four bands (see Fig. 10 ) suggests that a neutron in h 11/2 054311-8 PHYSICAL REVIEW C 85, 054311 (2012) is involved in their configurations. Furthermore, signature splitting in bands 7 and 8 is large compared to that of bands 5 and 6 (see Fig. 11 ). Therefore, configuration of bands 5 and 6 most likely involves a proton in g 7/2 ( = 3/2), whereas a proton in the d 5/2 ( = 1/2) orbital is responsible for bands 7 and 8. Therefore, we propose the πg 7/2 ⊗ νh 11/2 configuration for bands 5 and 6 and πd 5/2 ⊗ νh 11/2 configuration for bands 7 and 8. The calculated B(M1)/B(E2) ratios for the assigned configurations, shown in Fig. 7 , are also in reasonable agreement with those extracted experimentally for bands 5-8. One should note that the d 5/2 and g 7/2 orbitals mix strongly and the above configuration assignments are valid in the limit of low deformation.
Bands 9 and 10 show large initial alignment, ∼5h (see Fig. 10 ), which suggests that the h 11/2 proton is involved in the configuration. However, no or small signature splitting supports involvement of high-orbital, most likely = 7/2 of νg 7/2 orbital. Here, one should note that only the lower signature of πh 11/2 will contribute due to large signature splitting associated with = 1/2, whereas both the signatures of the νg 7/2 orbital will be involved in this configuration. The bands show an up-bend at frequencies about 0.36 MeV, which is attributed to the first pair of h 11/2 neutron alignment. The alignment gain of ∼6h is consistent with the above aligning particles. Thus, we propose two-quasiparticle configuration, πh 11/2 ⊗ νg 7/2 , below the band crossing and fourquasiparticle configuration, πh 11/2 ⊗ [νg 7/2 (νh 11/2 ) 2 ], for the levels above the band crossings. The measured B(M1)/B(E2) values are compared to the ratios calculated using the geometrical model in Fig. 8 . Reasonable agreement has been observed for the above configuration. The B(M1)/B(E2) ratios for the states above the band crossing could not be measured due to presence of γ -ray transitions of overlapping energies.
Positive parity bands 11 and 12 are the yrast sequences. In an earlier work by Kaur et al. [21] , the π (g 7/2 /d 5/2 ) ⊗ νh 11/2 configuration was proposed for bands 11 and 12. Later, Moon et al. [11] suggested πh 11/2 ⊗ νh 11/2 configuration for the above bands. These bands show a much larger initial alignment (∼7h) than any other bands of two-quasiparticle nature in 122 I. Such a large alignment can only be obtained by involving h 11/2 orbitals for both proton and neutron. In fact, bands with the above configuration have been observed in neighboring oddodd Cs nuclei [28, 31] . A nice agreement between experimental B(M1)/B(E2) ratios and those calculated for the πh 11/2 ⊗ νh 11/2 configuration has been observed for lower spin states (see Fig. 8 ). An increase in the ratio observed above spin I = 15 may be due to noncollective nature of the states.
B. High-spin behavior: Cranked Nilsson-Strutinsky calculations
In order to interpret high-spin states of 122 I, calculations were performed within the framework of the configurationdependent cranked Nilsson-Strutinsky (CNS) formalism [33] [34] [35] . In this approach pairing is not included, which implies that the results are mainly relevant at high spin, where the effect of pairing is reduced. Within this approach, bands are formed for fixed configurations, specified by the number of particles in different N -oscillator shells with signature α = +1/2 and α = −1/2, respectively. Furthermore, within the N shells, a distinction is made between the orbitals dominated by the highest-j shell and the other (low-j ) shells, respectively. Within the fixed configurations, search for lowest-energy state at a given spin is made in a mesh of deformation space (ε 2 , ε 4 , γ ), thus treating the collective and noncollective states on the same footing. For the parameters, κ and μ defining the l · s and l 2 strengths of the modified oscillator potential, the so-called A = 110 parameters were used [36] . These are known to give a good description of the smooth terminating bands in the neutron deficient Z = 49-54 nuclei [33] . The Lublin-Strasbourg drop (LSD) model [37] is used for the macroscopic energy, with the rigid-body moment of inertia calculated with a radius parameter r 0 = 1.16 fm and a diffuseness parameter a = 0.6 fm [35] .
In this calculation, the configurations are labeled relative to the 114 Fig. 12(b) , where favored states are well reproduced. The difference between experiment and calculations is displayed in Fig. 12(c) .
At somewhat lower spin, a favored state at I π = 21 − is observed in experiment as well as in CNS calculations for the The calculated results for both signatures of the [1, 5] configuration are displayed in the middle panel of Fig. 12 . It is evident from Fig. 12 that the α = 0 states are less favored in energy at high spin and seem to have no experimental counter part. However, they appear at relatively lower energy at spin 22 + with one spin vector antialigned at an approximate deformation ε 2 = 0.18 [see Fig. 13(c) ] [38] . Therefore, we assign this configuration to the 22 + state of band 12 in which a neutron is relocated from the m i = +3/2 to the m i = −11/2 orbital. The favored signature is assigned to high-spin states of band 12.
The differences in the lower panel of Fig. 12 are approximately constant at −1 MeV for the favored aligned and antialigned states. The fact that these differences are almost constant and lies within the same range as observed for terminating bands in this as well as other mass regions supports our interpretation of not only the fully aligned states but also of the states assigned as having one antialigned spin vector. For the other states in Fig. 12(c) , the differences are more scattered, suggesting that they are difficult to describe with pure CNS configurations.
The potential energy surface (PES) plots for the configuration [1, 4] , assigned to the favored negative parity states, are shown in Fig. 14 . At I π = 17 − , a small collectivity is observed (γ ≈ 45
• ). A noncollective minimum appears at γ = 60
• for I π = 21 − , which is a state with one antialigned neutron, as discussed earlier. At higher spin, this minimum resurfaces at γ ≈ 40
• , and migrates toward lower collectivity with increasing spin and finally becomes oblate with γ = 60 Fig. 12(a) . Although we could not assign parity to these states, it is still instructive to try to understand their configuration. The maximally aligned states in 122 I are generated by aligning the angular momenta of all the valence nucleons outside the 114 Sn core. Therefore, to generate higher angular momenta, neutrons from the orbitals of g 7/2 d 5/2 character below the N = 64 shell gap have to be excited to the d 3/2 s 1/2 or h 11/2 orbitals above the gap. For example, if we start with a neutron configuration with no holes in the N = 64 core and five h 11/2 particles [see Fig. 13 − state is illustrated in the Fig. 13(c) . The PES plots for the [1, 5] configuration are shown in Fig. 15 Fig. 12(b) , where the two signatures of the [1, 4] 
